In this study the spin-glass-like properties of (x)FeTiO3-(1-x)Fe2O3, with x = 0.8 and 0.9, as prominent mixed valence state solid solution, were investigated by means of ac susceptibility and dc magnetization measurements. Dynamic ac susceptibility indicates freezing at finite temperature T f , obeying a power law with a dynamic exponent zν ≈ 7, close to that of the 3D Ising spin-glass, and relaxation rates in the kHz-range. The slow dynamics are explained by the presence of ordered superspins, whose relaxation rate decreases with increasing superspin size. In the frozen state, symmetry breaking is observed at a critical field Hcr which decreases with temperature obeying a power law H 2/3 cr ∝ T , and is followed by a metamagnetic transition with increasing field similar to that of the end-member FeTiO3, obeying a H 3/2 cr ∝ T law. The two transitions converge near the freezing temperature, thus denoting the H − T phase diagram of the system.
from site to site and generates frustration.
32
The frustration in the solid solution is manifested in a spin-glass-like freezing at low temperature for the composition 33 range 0.60 < x < 0.95 13 . Pioneering work was published by Ishikawa et al. 13, 14 , who postulated that the spin-glass 34 behavior of the hemo-ilmenite changes from cluster spin-glass above the percolation threshold (x ≈ 0.83) to reentrant 35 spin-glass below it. Although it is intuitively deducible that the spin-glass-like state is due to the competing Fe(II)-
36
Fe(III) interactions, the freezing 'transition' is still not well understood and the behavior of the system in the frozen 37 state remains unclear. Therefore, in order to provide more insight into the mechanisms of the spin-glass freezing,
38
we fabricated two solid solutions with composition x = 0.8 and 0.9, and investigated the thermodynamics of the 39 magnetic ordering. Dynamic study of the freezing and investigation of hysteretic effects was performed by means 40 of ac susceptibility. The static properties of the magnetic structure above and below the spin-glass freezing were 41 investigated by dc magnetization measurements to determine the H − T phase diagram of the solid solution.
42

II. THEORETICAL CONSIDERATIONS
43
The ac susceptibility χ(T ) is a powerful tool in investigating thermal activation effects, such as freezing processes,
44
because it probes the dynamic response of the system. Hysteretic effects due to domain-wall movements result in a 45 time delay between field and signal 24 which is manifested in the out-of-phase component of the susceptibility χ ′′ (T ),
46
which is proportional to the energy dissipation 25 . Therefore, the dependence of χ ′′ (T ) on the amplitude of the driving 47 field H ac can be used to detect the change in hysteretic behavior with temperature and determine the transition from 48 ferrimagnetic to spin-glass, which is characterized by a peak of χ ′′ (T ) at the freezing temperature T f 19,20 .
49
With this in mind, the freezing process can be further studied by means of the frequency dispersion of T f . In this study hemo-ilmenite solid solutions with compositions x = 0.8 and 0.9 are named as HI80 and HI90, respec-89 tively. As a reference for structure determination pure ilmenite (HI100) was used, following the same experimental 90 protocol. The XRD pattern exhibits that the ilmenite R3 symmetry is evident for both solid solutions, as is expected Table I .
102
The unit cell volumes V uc calculated from the lattice constants are used to deduce the composition of the end-103 products 38 (Table I) Compared to V uc , the Curie temperature T C of the solid solution is a much more reliable index to infer composition 105 because it changes by 9 K per mol% ilmenite, in contrast to V uc , which changes by only 0. 111 cooling using the amplitude dependence of the imaginary part of the susceptibility χ ′′ (see Fig. 2(b) ).
114
The characteristic peak of χ ′′ occurs at T f , which is more accurately determined by using the derivative of the 115 susceptibility dχ ′′ (T )/dT , which becomes zero at T f (Fig. 2(b) ). becomes narrower and at the center of the characteristic peak χ ′′ becomes linear, i.e. χ ′′ (T ) ∝ H ac (Fig. 2(b) ). The 119 linear behavior with H ac indicates that domains are smeared out with freezing. Below the freezing point less energy 120 is dissipated (because no magnetization rotation takes place), which results in a decrease of χ ′′ (T ) with decreasing 121 temperature.
122
With increasing frequencies, T f is shifted to higher temperatures and the χ ′′ peak becomes wider (Fig. 3) . The 123 width of the χ ′′ peak is an index for the distribution of relaxation times, and the fact that it gets narrower for low 124 frequencies, i.e. for lower temperatures, suggests a convergence of relaxation times with decreasing temperature, 125 consistent with critical slowing down. Fig. 3 shows the frequency dispersion of the freezing temperature for samples 126 HI80 and HI90. The data for both samples can be fitted to the power law describing critical slowing down using 127 equation 1 (Fig. 3) . The three-parameter fit needs to be performed iteratively in order to avoid reciprocative over- 
143
Considering superspins, it can be assumed that they define the coherence length ξ instead of single spins, i.e., lattice 144 sites. Therefore, when ξ = 1 the correlation lies at the dimension of the superspin and contains N lattice sites. With 145 this in mind, when the frequency of the ac measurement is comparable to ω 0 , as found for this system, ξ is very close 146 to 1.
147
The comparison between HI80 and HI90 indicates no distinctive freezing processes, i.e. as proposed for reentrant 148 and cluster spin-glass by Ishikawa 14 . However, there is a minor deviation of process parameters, such as the dynamic 149 exponent zν and freezing temperature T f , which is probably an effect of increasing Fe(III) in the system.
150
C. Static dc magnetization
151
In order to study the static behavior of the spin-glass-like state we performed dc magnetization measurements. c (emu/mol Oe) The temperature evolution of the two transitions shows immediately that they are of different nature (Fig. 5) . The field-induced transitions yields information that is system-specific for hemo-ilmenite.
175
We find that the critical field of the low-field transitions can be described by the power law for the AT-line (Fig. 5) .
176
The high-field transition obeys another power law, H ∝ (1−T /T f ) 2/3 , and indicates a metamagnetic transition similar 
V. CONCLUSIONS
